INTRODUCTION
Physiological tremor is an involuntary, approximately rhythmic and roughly sinusoidal movement [1] . It is inherent in all humans. The characteristics of physiological tremor are highly dependent on the body parts [2] . For instance, the frequency of tremor in the elbow ranges from 3 to 5 Hz while it ranges from 8 to 12 Hz in the wrist. Physiological tremor is benign for everyday tasks such as walking or eating. However, tasks that require fine muscle control such as microsurgery or military targeting are susceptible to physiological tremor. The imprecision in positioning the tool-tip due to the tremor makes some ophthalmological, neurological and inner ear microsurgeries difficult [3] . Therefore, real-time compensation of physiological tremor would enable surgeons to accurately perform microsurgeries.
A handheld microsurgical device, Accuracy Improvement Device (AID), has been developed to actively compensate for the physiological tremor in the hand. The device senses its own motion using inertial sensors and differentiates between voluntary motion and motion incurred due to the tremor followed by compensating for the tremor by deflecting its tool-tip in the equal but opposite direction to that of the tremor. The sensor module of the device containing the inertial sensors is presented in this abstract followed by a description of the algorithm to estimate the displacement of the needle-tip due to the tremor. SYSTEM DESIGN A. Sensor Module Fig. 1 shows the prototype of AID built at CSTAR. It weighs 23.56 gm and is 192 mm long (including the needle). It consists of three parts: sensor module, manipulator module and body.
The sensor module of AID is located at the distal end of the device as shown in Fig. 1 and senses the hand motion in six degrees of freedom (DOF). It contains two sensor boards. The board located at the distal most end of the device contains a tri-axial accelerometer, ADXL 335 (Analog Devices Inc.) and a dual-axis gyroscope, IDG 500 (InvenSense). The other board contains a single-axis gyroscope, MLX90609 (Melexis). Both the boards include signal-conditioning circuits that limit the bandwidth of the sensors to 50 Hz and were bought from Sparkfun [4] . Fig. 2 shows the overview of the algorithm. The algorithm is similar in approach to the one reported in [5] with the following modifications:
(1) instead of using three dual-axis accelerometers to sense the motion, the sensor module presented in the previous section has been used; (2) the gravity force from the accelerometer measurements has been removed using 2-DOF orientation and (3) the orientation has been estimated using a Kalman filter.
Figure 2: Overview of the algorithm
The tri-axial accelerometer measurements are composed of linear accelerations, gravity force and noise. The gyroscopic measurements are composed of angular velocities, gyro biases and noise. Since the accelerometer measurement contains the gravity force, there is a need to remove it to calculate the effective linear acceleration with respect to {B}. An augmented state complementary Kalman filter (ACKF) has been designed to calculate the 2-DOF orientation. The ACKF fuses the accelerometer and gyroscopic measurements and provides a drift-free and reduced noise estimation of the orientation. It also provides the unbiased angular velocities (ω). Using the orientation, the gravity force in the accelerometer measurements is removed to calculate the effective acceleration with respect to {B} ( B A). The unbiased angular velocity provided by the ACKF is sent to a fourth order low-pass filter (LFP). The output of the LPF is subtracted from its original input. This step removes the low frequency components of the angular velocity (voluntary motion) without changing the phase of the signal [5] . The angular velocity due to the tremor is estimated using a zero-phase adaptive band-pass filter, Bandlimited Multiple Fourier Linear Combiner (BMFLC) algorithm [6] . The angular acceleration due to the tremor (α tremor ) is calculated using the output of the BMFLC as shown in Fig. 2 . Using α tremor and B A, the acceleration with respect to {S} ( S A) is calculated using the kinematic relationships of the device. The lowfrequency components of S A are removed using the similar low-pass filtering technique as for the angular velocity. The acceleration at the needle-tip due to tremor is estimated using the BMFLC. The position of the needle tip due to the tremor with respect to {S} is calculated by analytical double integration of the acceleration at the needle-tip due to tremor inside the BMFLC as presented in [6] . The cut-off frequency of both the LPFs is 4 Hz and the pass-band frequency for both the BMFLCs is 7-13 Hz.
EXPERIMENTAL EVALUATION
In this experiment, the user held the device in his hand with the wrist and the elbow rested on the table as shown in Fig. 3 . The user was asked to keep the device as steady as possible, i.e., not to produce any motion voluntarily. The experiment was carried out for 90 seconds.
The goal of the experiment was to record the hand tremor and to assess whether the algorithm filters the correct range of frequency components from the sensed motion, i.e., if it estimates the physiological tremor. Therefore, fast Fourier transforms were carried out on acceleration and displacement data. Fig. 4 shows the displacement of the needle-tip due to the tremor along the Y S axis for a period of 7 seconds. Fig. 5 shows its singlesided frequency spectrum. This figure clearly shows that the displacement contains negligible amount of the frequency components outside of the pass-band of the BMFLC. 
